Background: Gold nanoparticles (AuNPs) with unique physicochemical properties have received a great deal of interest in the field of biological, chemical and biomedical implementations. Despite the widespread use of AuNPs in chemical and biological sensing, catalysis, imaging and diagnosis, and more recently in therapy, no comprehensive summary has been provided to explain how AuNPs could aid in developing improved sensing and catalysts systems as well as medical settings. Scope of review: The chemistry of Au-based nanosystems was followed by reviewing different applications of Au nanomaterials in biological and chemical sensing, catalysis, imaging and diagnosis by a number of approaches, and finally synergistic combination therapy of different cancers. Afterwards, the clinical impacts of AuNPs, future application of AuNPs, and opportunities and challenges of AuNPs application were also discussed. Major conclusions: AuNPs show exclusive colloidal stability and are considered as ideal candidates for colorimetric detection, catalysis, imaging, and photothermal transducers, because their physicochemical properties can be tuned by adjusting their structural dimensions achieved by the different manufacturing methods. General significance: This review provides some details about using AuNPs in sensing and catalysis applications as well as promising theranostic nanoplatforms for cancer imaging and diagnosis, and sensitive, non-invasive, and synergistic methods for cancer treatment in an almost comprehensive manner.
sensitivity in the field of material chemistry [1, 2] . NPs are typically of a size comparable to bio-macromolecules and can be employed for several implementations like chemical and biological sensing, catalysis, accurate imaging, and personalized cancer treatment [1, 3] . After establishing interdisciplinary nanotechnology fields, it may be believed that nanomaterial will combine with chemically and clinically applicable fields in the next generation of chemical and medical platforms. Most of the applications of nanotechnology are in sensing, catalysis and biomedicine. The well-studied nanosystems include nanomicelles, nanoliposomes, carbon nanotubes, quantum dots, dendrimers, and metallic NPs [4] .
The application of AuNPs has gained a potential attention in the main branches of chemistry, physics, and medicine. AuNPs have also been extensively implemented in medicinal and biological studies due to their distinctive optical features deriving from their SPR properties [1, 3, 4] . Applications linked to plasmon resonance are countless, ranging from chemical and biological sensing or photothermal agents to cell imaging and killing [5, 6] . The physicochemical features of AuNPs are dramatically changed by their diameter and morphology due to their unique electronic structure [5] . AuNPs are excellent candidates in developing analytical tools for specific applications such as detection, catalyst, diagnosis, and therapy [1, 4, 5, 7, 8] . Here, we provide the general review of the most recent applications of AuNPs in chemical and biological sensing, catalysis, clinical imaging, and therapy. To date, the published papers have been focused on biosensorics, immunoassays, bioimaging, cancer cells killing, and targeted drug delivery. This critical overview is focused on the chemistry of AuNPs and their applications for chemical and biological detection, catalytic agents, their conjugations for biomedical diagnostics and imaging, and finally as therapeutic agents.
Chemistry of gold NPs
There are several current reviews devoted to AuNPs [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among their first applications, AuNPs were used for their therapeutic properties as colloidal Au [18] . In recent decades, there is an increase in the number of studies devoted to the synthesis of modified AuNPs. One motivation for the extensive interest in Au nanotechnology is that Au is the most electronegative metal and a good heat-and electric conductor with a face-centered cubic crystal lattice making it soft and plastic.
Synthetic protocols
A variety of synthetic protocols with the intention of controlling the size, shape, morphology and crystal structures of AuNPs has been observed and described in the literature [19] . AuNPs display significant stability and can be obtained in various methods in order to optimize their size and properties. Their chemical modification can be done by the interaction of the surface atoms with different ligands [20] . The synthetic methods used to produce AuNPs range from the classical reduction of HAuCl 4 to the reduction of Au complexes [Au III Cl 4 ] − and stabilization with various ligands [20] .
Au(III) ions are reduced by trisodium citrate and by sodium borohydride (NaBH 4 ). The second route can be classified in three steps: (i) Phase transfer by tetra-butyl-ammonium bromide; (ii) Reduction of Au(III) by the thiols; (iii) Reduction of Au(I) by NaBH 4 in the presence of thiols and/or sulfur-group compounds that cause the fabrication of AuNPs. Other techniques such as micro-emulsion [21] , copolymer micelles [22] or seeding growth [23] have also been utilized to synthesize AuNPs.
Size and surface functionalization
Depending on their size and surface modification, AuNPs are usually divided into three key groups: colloids, NPs protected by an organic MPCs, and small clusters [24] . Au colloids have a size ranging from 10 to 100 nm. They can be obtained by chemical reduction of Au(III) salts with mild reducing agents [25] . For AuNPs, many synthetic methods have been developed. First of all, metallic AuNPs are typically produced by using HAuCl 4 and its reduction to Au 0 [26] . For the stabilization of Au colloids the adsorption of a wide range of compounds such as monolayers induced by salts or green synthesis route to reduce van der Waals and electrostatic forces on the surface of AuNPs is used [27] [28] [29] [30] . Secondly, covering the MPCs involves the synthesis of particles with an Au core and a size between 1-10 nm surrounded by chemically adsorbed ligands as a monolayer [31] . In comparison with colloid NPs, MPCs show good stabilization when dissolved or in the solid state. The monolayer passivation prevents irreversible aggregation and conveys solubility in aqueous solutions and in biological medium. Between the models of ligand-capped clusters, Au 55 [(C 6 H5) 3 P] 12 C l6 has been extensively studied [32] . Another cluster is Au 20 possessing a stable naked tetrahedral form [33] . It was established that NPs containing the socalled "magic numbers" of Au atoms, like Au 55 demonstrate better stability than others [34] . Many additional nanoclusters of different nuclearities have been realized, such as Au 25 (glutathione) 18 [35] , Au 38 (SPhX) 24 [36] , Au 40 (SR) 24 [37] , Au 52 (SR) 32 [37] , and Au 103 S 2 (S-Nap) 41 [38] obtained by reduction of clusters. It should be mentioned that the cluster of Au 13 is the smallest member of the particle classification but larger particles containing 55, 147, 309, 561 , 923 or more atoms are also possible. The third group, covering the small Au clusters, represents the "lower bound" of MPCs. The small Au clusters are molecular structures involving some atoms which are normally monodispersed. Their monodispersity allows their crystallization and the Xray analysis particularly in the case of Au-thiolate clusters which is not possible for larger MPCs.
Classification of the different forms of AuNPs at the nanoscale and the respective synthesis techniques have been systematically reported [39] . Overall, success in developing plasmonic activities of AuNPs requires confidence in the methods of fabrication and accuracy. AuNPs are produced by different methods including photolithography, biosynthetic organisms, chemical synthesis, polymer intermediates, US, and lasers. with varying sizes and morphologies [40] . However, chemical synthesis seems to be a very much simpler form of AuNP fabrication and cost effective among all fabrication routes. Besides, diverse synthesis approaches of AuNPs, have no effect on their plasmonic features. But other factors such as the dielectric environment, size and shape, composition, assembly, and physicochemical properties of the NPs affect their plasmonic activities [40] . The most popular forms are NRs, nanoshells and nanospheres (Table 1) . However, there are some other shapes such as triangles, boxes, cages, semi-shells etc., each of them having its own specific properties and applications [41] . Mesoporous sponges and thin films of AuNPs have also received a significant share of interest [42] .
In the case of AuNPs, the most important applications arise from their remarkable surface properties. The functionalization of AuNPs surface plays an essential role in their stability, dispersity and solubility. The most remarkable illustration of NPs surface modification and functionalization is their coupling with biomolecules. The surface composition of AuNPs can be adapted to contain a range of functional groups or mixtures of functional groups; this represents a good way for regulating their optical, electronic or catalytic properties, turning NPs into very useful nanostructures in a variety of practical fields. With this in mind, the main challenge in the production of metal nanodispersions is the low stability of NPs in solutions and the tendency to form aggregates. To prepare stable NPs of fixed size and shape as colloidal solutions, the existence of stabilizing agents that adsorb on the particle surface hence preventing further association is required. Different sulfur-containing organic substances (thiols, sulfides, disulfides, thiourea derivatives, xanthates, dithiocarbamates, etc.) have often been used as such stabilizers [43] [44] [45] . Although, there is still no general agreement on the thiol interaction mechanism with the Au surface, most scientists believe that this interaction is joined with the S-H bond cleavage in the thiol molecule and the resulting alkanethiolate becomes bound to the surface of the metal [45] [46] [47] . The adsorption of disulfides on the surface of Au is accompanied by the S-S bond cleavage to afford Au thiolate, identical with the thiol reaction. While, coupling by S atom is undoubtedly the most leading binding mode, various elements (hydrogen, halogens, nitrogen, phosphorus, arsenic, antimony, oxygen, selenium, tellurium, carbon etc.) may also be used to bind to Au [48] . Therefore, Au surfaces offer an appropriate platform on which it is possible to accumulate monolayer structures of different organic molecules. Modifying AuNPs with various organic ligands (amines, thiocyanates, carboxylates, etc.) makes it possible to impart their anticipated properties. Presently, the attention is focused on ligands containing a "functional" group (fluorophore, chromophore, receptor or electrochemically active group) bound to a sulfur-containing group through a linker, for instance. Finally, among the many synthetic methods reported in the literature, AuNPs can be established using coordination chemistry strategies combining metal NPs and coordination complexes [49] . It has to be taken into consideration that atoms at the NP surface, which are most important for its chemical and physical properties, exhibit incomplete valence, meaning that they are coupled to the inner atoms, thus leaving peripheral atoms available for donoracceptor interaction with appropriate ligands. Accordingly, the coordination chemistry of AuNPs can be explained by using the concept of hard and soft acid-base. The interaction with metal ions and the synthesis and application of AuNPs with metal complexes attached to the surface is a contemporary and alternative way to prevent the NP aggregation [50] . Coordination or complexation blocks the chelating fragment in the molecule thus preventing the irreversible aggregation of NPs. A very noteworthy aspect is the opportunity for the stabilization control of AuNPs dispersions by using the targeting coupling of charged coordination complexes like [Fe(CN)5L] 3− . Pentacyanoferrate(II) ions are useful for this point because they have high charge density and appropriate kinetic and thermodynamic properties [49] . The cyanide ions in the complex [Fe(CN) 5 ] 3− are inert in substitution reactions, keeping only one coordination position for reaction with donor atoms. The chemical properties of these complex ions depend on the nature of the ligand L and typically they show a strong affinity for nitrogen and sulphur containing ligands. Several interesting systems have been described by using different ligands: [Fe(CN) 5 
mercaptopyridine (2-mpy), 4-mercaptopyridine (4-mpy), pyrazine-2ethanethiol (pzt) and dimethyl sulfoxide (dmso) [28] . So far several reports were devoted to AuNPs modified with coordination compounds and their applications [49, 51, 52] . The review of Beloglazkina et al. [53] summarizes the data on the synthesis and practical use of AuNPs bearing metal ions coordinated on their surface to the terminal donor groups of organic ligands that stabilize the NPs. Modified NPs may serve for the design of new functional hybrid materials and supramolecular structures. From the numerous literature reports, it can be assumed that the common synthetic method for obtaining NPs with metal complexes is the use of functionalized thiols that form stable bonds with the metal surface [53] . Among other ligands, nitrogen-donor molecules prevail however oxygen-and phosphor-donor ligands have also been explored. Coordination complexes have occasionally been used for surface functionalization of metal NPs despite their consequences in catalysis. Many studies have described AuNPs functionalization with metal complexes depending on the phase transfer [54] .
Chemical and biological sensing
AuNP has attracted a great deal of interest in sensing analysis due to their well-characterized colorimetric properties. In sensor technology, utilizing an instrument with high sensitivity yields expensive settings. By tuning the interparticle distance and trapping analytical molecules in the hot spots region, we can fabricate improved sensing devices. At nanoscale separations, the hot spots produced in these composite frameworks exhibit noteworthy enhancements in Raman scattering, fluorescence emission, and IR absorption. This has been useful in a variety of applications including biological imaging, selective PTT, SERS, optical wave guiding, and biochemical sensing [55, 56] . Colloidal NPs may reveal different colors upon interaction with aggregated or conjugated species due to the alteration of Au's LSPR at the nanoscale. Therefore, different interactions between ligand and NP may change the optical signals, followed by detection of different sensing approaches. A wide number of studies have been focused on the design and progress of plasmonic sensors by ligand-inspired colorimetric changes of AuNPs. In this section, we overview a number of approaches that have been studied to monitor the colorimetric features of AuNPs after the addition of different ligands such as nucleic acids, proteins, organic and inorganic molecules.
The strong absorption of AuNPs offers interesting optical properties with a high potential application in the colorimetric study of analytes-NP interaction and biodiagnostic assays [1, 4, 5, 57] . For instance, an optical colorimetric sensor was developed by application of Ag and AuNPs for quantitative detection of H 2 O 2 and H 2 [58] [59] [60] . Also, Yang et al. [61] reported an analyte-induced autocatalytic amplification using AuNPs probes for colorimetric determination of heavy metal ions. Besides, Han et al. [62] and Sadani et al. [63] developed an Au chipbased nanozyme for colorimetric determination of mercury ions ( Fig. 1A ). On the other hand, Priyadarshini and Pradhan [64] reviewed AuNPs as cost-effective sensors in colorimetric determination of toxic metal ions. Moreover, Thatai et al. [65] and Boruah and Biswas [66] studied the colorimetric determination of Pb 2+ using Au nanocomposites and AuNPs. Likewise, Zhang et al. [67] reported a green fabrication route of AuNPs with pectinase as a distinctive colorimetric approach for Mg 2+ . As well, Xu et al. [68] designed a uniform Au nanobipyramids for sensitive colorimetric determination of influenza virus. In the same way, Weerathunge et al. [69] provided Au nanozymes based on the colorimetric method to detect human norovirus by increasing the detection limit to 3 viruses per assay equivalent to 30 viruses/mL of sample. Furthermore, Wei et al. [70] and Chang et al. [71] suggested an AuNPs conjugates with DNA for colorimetric discrimination of proteins and pollen allergens. Also, Shokri et al. [72] designed a unique method for the colorimetric detection of disulfideinduced self-assembled DNAs/RNAs via bare AuNPs (Fig. 1B) . The novelty of this work was derived from the hybridization of DNA target with thiolated probes and the capability of DNA target to assemble at both ends and form long S-rich species. These species can be strongly attached on AuNPs surface by disulfide bonds with Au atoms. Some other colorimetric AuNPs applications were also reported in Table 2 . Table 2 summarizes the diversity of analytes that the AuNPs can detect for a variety of applications. It is clear that AuNPs can be applied to detect several molecules such as amino acids, drugs, proteins, heavy metals, ions, viruses, DNA, RNA, and other molecules. AuNPs are also attracting interest in the areas of cleaner production, sensing, therapeutics and diagnostics and offer themselves as supreme candidates for applications as platforms in designing biosensors, introducing a number of advantages over state of the art classical sensors.
Catalytic applications
Despite the many papers and reviews dedicated to the synthesis and properties of AuNPs of all shapes and forms, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) in catalysis, the focus has been in the study of spherical AuNPs. This is well-documented and the triumphant emergence of the Au catalysis field has been well documented and revised by some excellent reviews on Au catalysis in general [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] or more specifically in homogeneous catalysis [93] photocatalysis [94] or oxidation reactions [95] [96] [97] .This bias in the Hg 2+ ions based on the Hg 2+ -promoted nanozyme activity of AuNPs. When Hg 2+ ions are introduced onto the AuNZ-PAD, the tetramethylbenzidine (TMB) chromogenic peroxidase substrate with H 2 O 2 catalytic reaction is highly increased by the formation of Au-Hg combination, leading to blue staining of the paper chip [62] . (B): Schematic representation of the colorimetric determination by AuNPs using disulfide inspired self-assembling of nucleic acid targets with thiolated probes [72] . Reproduced under the terms of the Creative Commons Attribution License (CC BY).
catalysis field for the simpler preparative techniques that offer little NP control strongly contrasts with the refinement and synthetic control that the techniques used in other fields discussed in this review exhibit.
Traditionally, heterogeneous Au catalysts are prepared by simple synthetic methods such as impregnation or deposition-precipitation that involve the impregnation of the metal salt before or during the reduction process that result in the formation of the metal NPs in different dimensions and morphologies. In this regard, Hajfathalian et al. [98] by deforming the AuCu photocatalytic structures from spherical to triangular based on the vapor phase assembly method, enhanced the catalytic activity of the NPs by improving plasmon resonance in the visible spectrum with the amplification of the near field at the tip of the triangle. At the same time, it was also determined that the AuCu nanocluster alloys (50:50) enhanced the photocatalytic activity of AuCu compared to Au or Cu colloidal NPs [99] . More recently, the preparation of colloidal NPs and their subsequent immobilization on the surfaces of porous supports paved the way towards the enhanced AuNPdimension control and promisingimproved activity and implications in many reactions [95, [100] [101] [102] [103] .
Due to the extensive literature available on catalysis by spherical AuNPs and multitude of excellent recent review, we will put particular focus in the utilization of anisotropic AuNPs which have been extensively discussed in this review but are little explored within the field of Au catalysis. We hope that doing so, we can help build bridges across scientists in different disciplines with an interest in catalysis. For anisotropic AuNPs there are excellent reviews for detailed synthesis [28, [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] , properties [78, 105, 109, 114, 121, [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] and various applications [10, 105, 109, 111, 112, [114] [115] [116] 122, 127, 128, [134] [135] [136] [137] [138] . Recently, we reviewed in detail the catalytic applications of Au shaped as rods, polyhedrons, stars, flowers, urchins, cages, plates, wires or belts in chemo-, photo-and electrocatalysis [139] . In this short section, we will concisely explore the relevant literature on the newly emerged studies that contributed to the field of anisotropic Au catalysis as implications of the properties such as SPR are shared between catalysis, sensing, imaging, and therapy.
Anisotropic NPs are typically synthesized in colloidal form which offers control over multiple parameters affecting their size, shape or purity/yield. For catalytic applications, AuNPs can be used in this form [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] , although one might argue this can limit their utilization and full potential, especially in industrial context with regards to Detection of micro-RNA [403] separation, recyclability and stability. This is however circumstantial and advances in nanotechnology and synthetic methods offer great promise in the application of anisotropic NPs in catalysis. Therefore, multiple authors attempted to coat AuNPs by a layer of metal oxide such as TiO 2 [150] [151] [152] [153] [154] [155] [156] , SiO 2 [157] [158] [159] , CeO 2 [160, 161] , all of which are typically used as porous supports in catalysis [162] [163] [164] [165] [166] . However, possibilities are limitless and other oxides such as Cu 2 O [167] or Fe x O y [168] were applied to perform as a shell. All these particles are termed core@shell in this part of the review. The shell generally changes the activity of the produced material but mostly also serves to protect from the agglomeration of the individual NPs. The last type is supported catalyst, which has metal NPs immobilized on the surface of the support. The function is the same as in the case of core@shell type although particle size of the support is typically bigger than the resulting core@ shell particles. Depending on the application, metal oxides [169] [170] [171] [172] [173] [174] [175] , carbon [176, 177] or electrodes [178] [179] [180] [181] [182] [183] [184] [185] can be used to hold and disperse AuNPs. Table 3 presents some publications studying the catalytic activity of different shapes and forms of monometallic Au and multi-metallic alloys and core@shell structures including AuNPs. These systems are classified following their type of catalysis (chemo-, photoor electro-) and their form (colloidal, core@shell or supported). A wide variety of reactions have been studied with anisotropic AuNPs, including simple gas phase reactions [186, 187] , reduction of nitrophenol or other nitro compound [140, 145, 147, 148, 158, [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] by sodium or potassium borohydride, degradation [154, 167, [198] [199] [200] or oxidation [181, 185, [201] [202] [203] [204] [205] [206] [207] [208] [209] of small organic molecules or hydrogen evolution [152, 172, 210, 211] . The reaction choice appears to be related to the ease of carrying out some of the catalytic tests (e.g. gas phase reaction, reduction of nitrophenol for room temperature reaction and analysis by UV-vis spectrometer, degradation of dyes for ease of analysis) and the fact that they can be good examples or model reactions for some of the industrial transformations, such as selective or total oxidation or wastewater treatment.
Regarding catalytic activity and NP morphology, the number and the type of the exposed planes are well-known to be highly relevant for chemo (thermo)-catalytic activity [139] . Several authors were able to confirm that high energy planes such as (110) or (100) give rise to the higher activity that some of the anisotropic AuNPs display as they contain these planes in a higher proportion as compared spherical AuNPs that display a higher ratio of low energy (111) planes [141, 146, 147, 212] . However, this seems to be a subject of great controversy and the opposite has also been argued for some morphologies/ reactions where (111) planes gave higher activity [159] , also supported by DFT calculations [213] . This suggests that further specific investigations combined with theoretical calculations are required to shed more light on the source of activity difference between different anisotropic NPs when compared to spherical NPs. Most certainly, other variables such as the use of different preparation methods, ligands, and residues from synthetic precursors play a role which is difficult to evaluate considering the limited amount of research carried out to date in Au catalysis with anisotropic NPs. Similarly to chemocatalysis, electrocatalytically driven reactions over anisotropic shapes such as nanoflowers [182, 183] were shown to offer higher oxidation/reduction activity owing to the high-index planes. Other authors seemed to take advantage of dendritic shapes offering both higher surface area, more high-energy planes and a strong increase of the electric field in comparison with the surface of the normal Au electrode [214] [215] [216] [217] [218] , somehow complicating attribution of the activity increase to the specific property of the anisotropic structures.
Nevertheless, it is arguable that the most relevant application of anisotropic AuNPs in catalysis might be in photocatalysts. This is due to the extraordinary plasmonic properties that AuNPs have, which offers the opportunity of using natural light as the only source of energy during the photocatalytic transformations. Careful control of particle morphology and surface during synthesis appears a suitable tool for tuning the plasmon band and thus giving rise to the tuneable differences in photocatalytic activity. In addition to the activation of the plasmonic feature of the Au or bimetallic NPs alone, these are typically combined with photo-active support such as Table 3 Overview of publications from the literature that discuss various anisotropic AuNPs either in colloidal, core@shell or supported form for chemo-, photo-or electrocatalytic applications. For core@shell, the core is typically metal (in our case Au) and shell metal oxides, such as TiO 2 , SiO 2 or CeO 2 but could be also other metal oxides.
Shape
Catalyst form System type Ref.
Rods, dumbbells, rattles, bipyramids Colloidal Chemo [140] [141] [142] 144, 145, [188] [189] [190] [191] 197, [404] [405] [406] [407] ] Polyhedra (prims, pyramids, cubes, cages) Colloidal Chemo [141] [142] [143] [144] [145] [146] [147] [148] [149] 189, 192, 194, 195 [208] [209] [210] 444, [460] [461] [462] [463] [464] as CeO 2 [161] , reduced GO [176, 222] , MoS 2 [223] and even other carbon-based materials [224] [225] [226] [227] [228] [229] [230] [231] were explored as carriers/catalysts for photocatalytic reactions. The advantage of this type of catalysis employing anisotropic Au is that by fine-tuning morphology and dimension of the nanocrystals the plasmonic response can be directly tailored from UV to NIR region as it is required by the reaction system [176, 211, [232] [233] [234] . Au nanocrystals can be further functionalized by the addition of second metal which can broaden the light-induced range and enhance the catalytic response [220, [234] [235] [236] [237] .
Inspection of the recent literature shows that catalysis by anisotropic AuNPs is booming. In our review in 2016 [139] we found 90 papers studying anisotropic Au from the time between 2008 and 2016. Since then, more than 60 publications have appeared that contribute to the understanding of the relationship between properties of different shapes of Au nanocrystals and their chemo-, electro-and photocatalytic activities. Anisotropic NPs are expected to further contribute to catalysis as synthetic procedures for different shapes are developed and improved and so to offer higher tuneability, electronic and optical properties. Although light-driven reactions could be correlated to their plasmon-based properties, other variables such as support interactions come into play in photocatalysis, which further complicates the available studies and selectivity in these cases is not ideal and needs to be studied and improved [238] . For chemo-and electrocatalysis, more studies are necessary which will not only improve the activity or compare it to the standard catalyst or spherical AuNPs, but also analyse the reason behind observed enhancements in activity.
Medical applications
The successful implementation of AuNPs in medicine is based on cost-effective and simple methods of generating NPs having high colloidal stability, favorable morphology, suitable size, and surface modifications. Biological systems are composed of cells with a diameter of around 10 μm. However, the cell organelles demonstrate a nanosized diameter. This simple size comparison yields an idea of using NPs as very small probes that would lead to investigate interactions at the cellular level without introducing too much interference. Clearly, a profound exploring the medical systems at the nanoscale level is a benefit behind the design and development of nanotechnology based on Au particles. Physical properties of nanomaterials such as optical and magnetic effects are the most used features for their medical applications. Another fundamental aspect of AuNPs in their application in medicine is their inherent low toxicity towards biological systems [239, 240] . Therefore, their applications in medicine have received potential interests in recent years. Hence, we outlined the distinctive characteristics of AuNPs involved in medicinal implementations with a focus on cancer imaging, diagnostics and therapeutics. For that reason, the properties of AuNPs, their applicability to diagnostics and therapeutics of cancers are addressed in the next chapters.
Imaging and diagnosis
AuNPs have shown several unique characteristics that inspire them ideal candidates for medicinal implementations. AuNPs are considered to show low adverse effect against biological systems. The surface of AuNPs can be modified for selective applications including targeted drug delivery. AuNPs can adopt larger form upon interaction with polymeric NPs or micelles that carry specific drugs for increased diagnostic improvement and imaging probes. This array of properties can be detected by CT-scan, MRI, PET, SPECT, US, and OI ( Fig. 2) [3, 241] . This section reviews recent papers on AuNPs utilization for imaging and diagnostics.
CT-scan
CT is known as a distinguished diagnostic tool for biomedical imaging. CT uses X-rays photons and a computer to drive comprehensive images of the inside human body.
5.1.1.1.
Targeted molecular imaging. CT shows several disadvantageous, such as lack of selective imaging and limited imaging time. For this reasons, the application of multifunctional NPs for selective CT imaging of prostate cancer cells was done by modified AuNPs [242] . In one study, AuNPs were modified with a prostate-specific membrane antigen (PSMA) RNA aptamer that specifically attach to prostate cancer cells [243] . The designed PSMA aptamer-conjugated AuNPs exhibited greater CT signal for a selective tumor due to its targeted binding and contrasting properties. Also, Li et al. [244] synthesized fluorescent modified with diatrizoic acid and nucleolin-targeted AS1411 aptamer (AS1411-DA-AuNPs). The (AS1411-DA-AuNPs) conjugates showed high hydrophilicity, excellent biocompatibility in animals, strong fluorescence, and X-ray attenuation signals. AS1411-DA-AuNP was employed as a decent contrast conjugate to determine the accurate tumor border in CL1-5 tumor-bearing mice (Fig. 3A) . Likewise, the fluorescence intensity emitting from the AS1411-DA-AuNPs in the CL1-5 cancer cells can be detected readily by the naked eyes ( Fig. 3B ). Also, Khademi et al. [245] , by designing a AuNPs-based imaging molecule containing cysteamine-folic acid to targeting, were able to obtain a higher contrast compared to the conventional iodine method. Based on the same method and by loading the epidermal growth factor receptor (EGFR) on the Au nanoplates, Zhao et al. [246] not only provided more appropriate CT scan of lung cancer compared to previous methods, but also provided the appropriate timing for PTT using AuNPs. In this regard, Popovtzer et al. [247] and Khademi et al. [245] optimized standard clinical CT and described a targeted molecular imaging platform that enabled cancer determination. This method used Au nanoprobes accumulated in the vicinity of the target tumor and causing well-defined contrast in CT imaging by enhanced Xray attenuation [245] . Previously, Popovtzer et al. [247] showed that targeted cells in head and neck cancer cells provide an attenuation coefficient five times higher than that of control cancer cells or normal cells. They concluded that this unique imaging approach may result in remarkable advancement in tumor therapy due to the faster and more accurate detection of tumors. (Fig. 3C ). As illustrated in Fig. 3C , photon irradiation of AuNPs leads to the induction of secondary electrons, scattering, and XRF photons. Therefore, when a mouse injected with AuNPs irradiated by an x-ray beam, Au XRF photons can be revealed by XFCT imaging [248] .
The in vivo CT scan before injection of AuNPs revealed that the kidney and tumor cells could not be detected by contrast (Fig. 3D) . The post-injection in vivo CT scan demonstrated remarkable contrast increment in the kidneys due to AuNPs accumulation. However, no contrast enhancement was observed elsewhere, including the tumor cells. The postmortem CT scan revealed an even higher contrast in the kidneys, however no contrast magnification in the tumor cells. These results indicate the limited capability of conventional x-ray CT to induce potential contrast and sensitivity. After processing and reconstruction of the images, each raw XFCT image, shown in Fig. 3D . The images demonstrated that the current XFCT system distinctly yields the system to detect and visualize AuNPs in the kidneys and in the tumor region [248] .
MRI
MRI with contrast materials has several advantages for imaging of tissues with spesified disorderes. Indeed, due to the inherent low discrimination of the contrast material in the tissues which reduces potential tissue recognition, the low stability of the contrast material in the tissue and the lack of complete intelligibility of the contrast material as well as the lack of synchronization of therapeutic activity, the apllication of NPs, especially AuNPs with high biocompatibility has attracted a wide range of interest instead of using contrast agents [249] . 5.1.2.1. T1 MRI contrast. Holbrook et al. [250] developed a system to increase T 1 MRI contrast with internalized Gd(III) incorporating into a metal-based NP having a Au and SiO 2 NP layers. They showed that the designed Gd(III)-encapsulating Au, SiO 2 NPs demonstrate excellent MRI T 1 enhancement [250] . Besides, Rammohan et al. [251] developed a system for imaging of the pancreas by fabricating Gd(III)-Au nanoconjugate for T 1 -weighted MRI. They synthesized new dithiolane-Gd(III)-AuNP complex and showed that the nanoconjugates provide high signal outputs. They provided MRI of pancreatic tissue (Fig. 4A ), post-mortem bioaccumulation investigation, and pancreatic tissue examination of NP distribution. Outstanding contrast signal was detected leading to the sharp observation of the pancreas. Rammohan et al. developed Gd (III)-Au nanoconjugates to exhibit remarkable labeling and imaging breast cancer cells for high field MRI [252] . Recently, for dual activities, Henderson et al. [253] with the design of the Au@SiO 2 @Au multilayer core-shell nanostructure known as a nanomatryoshka, in addition to increasing the contrast of T1 MRI imaging, caused promising responses to NIR PTT.
US imaging
US or PA imaging is considered as a unique imaging method using laser-produced US. Among imaging techniques, US imaging has shown certain advantages because of its real-time, low cost, high safety, and ease of integration with other portable techniques. The clarity and sensitivity of clinical US imaging greatly improves by using AuNPs as US contrast agents [40] . 5.1.3.1. Bimodal ultrasound/MRI guided photothermal tumor ablation. In this field, Ke et al. [252] developed Au nanocapsules for dual modal US/MRI targeted photothermal cancer cells ablation. They prepared nanocapsules by incorporating perfluorooctyl bromide (PFOB) and iron NPs into polymer nanocapsules modified by, PEGylated Au nanoshell (Fig. 4B) . The synthesized modified nanocapsules were identified to show a nanotheranostic ability to confer significant bimodal US/ MRI guided photothermal ablation of cancerous cells. Such a designed system including a single theranostic agent, bimodal US and MR imaging can act as a potential candidate to confer more profound diagnostic data and dynamics of disease spread for the precise ablation of tumor tissue and demonstrating pronounced contrast imaging-guided PTT [252] . Moreover, Jin et al. [254] used graphene oxide (GO)polymer-Au nanoconjugates for US/CT dual modal imaging-guided PTT therapy. Additionally, Moon et al. enhanced PA efficiency and photothermal stability of GO-Au nanoconjugates for improved PA imaging [255] . Also, Xu et al. [256] synthesized and evaluated the targeted delivery of Au nanoshelled polymeric NPs having anti p53 antibody to breast cancer MCF-7 as a theranostic platform for US contrast imaging and PTT therapy. Also, for multiple activities such as imaging, PTT, and drug delivery in MCF-7 cancerous cells, Zhao et al. [257] using liposomes coated with Au nanoshells and connected to sulfydryl modified with AS1411 and S2.2 aptamers, not only enhanced the activity of docetaxel delivery and PTT under 808 nm laser irradiation in cancerous cells, but also provided a promising approach for US imaging simultaneously through bubble generation.
PET
PET is defined as a nuclear imaging approach with a great potential for the clear determination of metabolic activity in the body. [258] studied the dynamic distribution patterns of AuNPs by labelling them with copper-64. They concluded that the dynamic PET imaging of AuNPs-Cu conjugate not only overcomes the current limitation in precisely and non-invasively obtaining the organ kinetics, but also significantly extends to have high potential as a tool for investigating renal clearance mechanism, as well as the diagnosis of kidney disorders. radiolabeled Gd chelate coated AuNPs for Gd-based MRI and PET contrast agents. This basic data may hold great promise for the requirement of the further design of radiolabeled Gd chelate coated AuNPs, as possible bimodal PET/MRI imaging nanosystems. Recently, in order to detect prostate cancer with the development of AuNPs decorated with a NIR dye and NODAGA chelator for complexation with 64 Cu radiolable, Pretze et al. [260] in addition to improving the quality of dual optical and PET imaging, caused chemical stability of NPs up to 95% for long-term imaging. Analogously, Lee et al. [261] with the development of PEGylated crushed Au shell@radioiodine-labeled core NPs for dual imaging PET and luminescence, were able to imaging the lymph nodes in mice model with the highest contrast without causing toxicity and reduced immune system along with mapping for surgical guidance.
5.1.4.3.
Whole-body non-invasive imaging. Wall et al. designed a nanosystem that can be applied to image the whole-body in a noninvasive, high sensitivity and resolution manner. Indeed, SERRS holds great promise for the pre and intra-operative imaging [262] . They suggested that probing the ultrabright SERRS AuNPs with a potential Raman reporter dye would result in pre-operative detection of tumors by combined PET-SERRS tissue imaging (Fig. 5A ).
SPECT
Distinct from PET that only is sensitive to 511 keV gamma ray pairs, SPECT is sensitive to a wide range of wavelengths, and hence can be Mouse was irradiated by X-rays and detector collected the XRF/scatter spectrum. The acquired images were processed to recreate axial XFCT images [248] . (D): Reconstructed axial CT images at various time-scales and XFCT images of the kidneys and tumor (white arrow) [248] . Reproduced under the terms of the Creative Commons Attribution License (CC BY). used in multipurpose diagnosis with various radionuclides. When correctly joined with NP labels, this independent tracking system can assist to identify potential in vivo details such as radiolabeling efficiency and biological features such as enzyme assay. 5.1.5.1. Dual-modal imaging. Black et al. used dual-radiolabeled AuNPs with two distinct radionuclides grafted within specific peptides, which were then employed as an in vivo multispectral SPECT imaging contrast agent [263] (Fig. 5B ). Li et al. tried to realize the precise accumulation and vulnerability evaluation of atherosclerotic plaques based on bimodal imaging [264] . AuNP were fully functionalized and conjugated to prepare targeted SPECT/CT imaging agent. They suggested that targeting molecules result in more potent accumulation of imaging agent in apoptotic macrophages. Indeed, CT leads to control the lesions boarder more precisely, meantime, SPECT imaging signal is in good agreement with pathological changes. Likewise, Zhou et al. [265] using a 99mTc-labeled arginine-glycineaspartic acid-polyethylenimine conjugates with AuNPs platform in an orthotopic hepatic carcinoma model, were able to study SPECT/CT images of cavities and accumulation of NPs. Recently, in order to imaging malignant glioma with indistinct margins in surgery, Zhao et al. [266] provided a appropriate and targeted SPECT/CT image using 131I-labeled CTX-functionalized Au polyethylenimine nanoprobe in a subcutaneous tumor model. tumor and its metastasis in breast cancer model mice.
Optical imaging and scattering
Strong electric fields at the surface of AuNPs can hold a distinctive potential of developing unique optically active systems for imaging of tumor tissues.
Malignant cells and the nonmalignant cells.
AuNRs with tunable aspect ratios can vibrate and scatter dramatically in the IR region and act as a distinctive contrast nanosystem for both molecular diagnosis and PTT [268] . AuNRs-monoclonal antibodies nanoconjugates were incubated with benign and malignant cell lines. The antibodyconjugated AuNRs accumulated selectively in the vicinity of malignant-type cells and dramatically scattered IR from AuNRs to distinguish malignant cells from the benign cells [268] . Using a simple and inexpensive method, El-Sayed et al. recorded scattering images and SPR bands from both AuNP and Au-antibody nanoconjugate after incubation with nonmalignant and malignant epithelial cell lines [269] . The antibody conjugated AuNPs selectively accumulated at the surface of cancerous cells. This specific binding was detected by different SPR absorptions and a red-shifted maximum. These data demonstrated that SPR scattering imaging generated from antibody conjugated AuNPs can hold great promise in molecular diagnosis for the detection and exploring of oral tumor cells [269] . 5.1.6.2. Cancer biomarkers. Mani et al. [270] suggested a densely packed AuNP-antibody bioconjugate employed as the platform for a sensitive electrochemical immunosensor to detect prostate cancer biomarkers in human serum. Human oral cancer cells showed to aggregate antibody-conhugated AuNRs. Immunoconjugated AuNRs [263] . Reproduced under the terms of the Creative Commons Attribution License (CC BY). and nanospheres can show a great Rayleigh scattering potential for imaging. Moreover, Huang et al. [271] showed that molecules near the AuNRs led to a Raman spectrum that is substantially increased with sharp and polarized signals. These properties can be referred to as diagnostic approach for detection of cancer cells [271] . Ambrosi et al. [272] developed an ELISA immunoassay for the detection of tumorassociated antigens CA15-3. AuNPs were employed as a platform to strengthen the amplification of the signal and resultant sensitivity. In a cellular model, Zhao et al. [246] with the modification of the surface of the AuNPs by EGFR peptide due to their 5-fold presence in cancerous cells, were able to result in CT and PA imaging from lung cancerous cells. Therefore, it may be concluded that application of AuNPs to the commercially available test can be useful to improve potential immunoanalysis methods where more certain data are needed. Besides, Suo et al. [273] using the biomarker of anti-HER2 in AuNPs along with 5-aminolevulinic acid and Cy7.5, in addition to increasing the targeting of AuNPs in the tracing of breast cancer cells, allowed multiple activities, including increased cellular uptake, imaging, and PTT/PDT.
Therapy
PDT is defined as a potential tumor-ablative medical intervention in which a photosensitizer agent is excited with potential high energy electromagnetic waves. This excitation releases vibrational energy (heat) in tumor environment to induce the formation of cytotoxic singlet oxygen, which results in the killing of tumorous cells. This approach is comparable with PTT that converts the electromagnetic radiations such as NIR, visible light, radiofrequency waves, microwaves, and US waves into heat through a photosensitizer conjugated with a NP to destroy the cancer cells. These electromagnetic waves are less energetic relative to other ultraviolet and X-ray electromagnetic waves and therefore are not toxic to healthy cells. When AuNPs is excited by NIR light, the vibration of electrons causes the production of heat [274] .
Physicochemical characteristic of AuNPs
Any alteration in the size and shape of AuNPs results in changes in their absorption spectrum [274] . The selected wavelength range is 700-1000 nm, due to the inability of biological tissues to absorb light at these wavelengths [275] . The SPR intensity is correlated with the physicochemical characteristics of the AuNPs such as morphology and dimension [274, 275] . Electron-electron collisions after excitation by NIR like pulsed laser lead to the release of energy as phonons which elevate the environmental temperature of the AuNPs [274] [275] [276] [277] [278] [279] [280] [281] [282] [283] [284] [285] [286] .
Gold colloids
Au colloids (nanospheres) can be fabricated by and biologicallyinspired routes [20] . The dimension of the Au colloids can be controlled by the concentration of Au salt, the temperature of medium and incubation time. Generally, a greater amount of Au salt can form larger Au colloids. More recently, the unique optoelectronic properties of Au colloid have attracted great interest in medicinal applications [287] [288] [289] [290] [291] . The potential heat production and simple bioconjugation of AuNPs have received great interests in their application as unique photothermal NPs in therapy.
Photothermal therapy.
El-Sayed et al. [292] demostrated the use of AuNPs in the targeted PTT of epithelial carcinoma with bioconjugated AuNPs. In their study, two oral malignant cell lines and one benign epithelial cell line were treated with bioconjugated AuNPs, followed by irradiation (514 nm). It was revealed that by subsequent incubation of both malignant and benign cells with bioconjugated AuNPs, the malignant cells were more sensitive to be destroyed by the laser than the benign cells [292] . Therefore, it may be suggested that PTT therapy with the application of AuNPs required low laser power owing to the SPR features of AuNPs [293] . Furthermore, Nam et al. [294] designed a smart AuNP that tends to be agglomerated in acidic intracellular microenvironments by functionalized active surface. AuNPs with different surface moieties can demonstrate different charges. The pH-triggered induction of AuNPs agglomerates shifts the resonance to the longer wavelength of NIR. Indeed, aggregation and reduced exocytosis of AuNPs followed by their surface modification can be considered as an important route to affect the cancerous cells. AuNPs showed well-organized ablation of tumor cells through thermal destruction [294] . Also, Cheng et al. [295] by providing photocross-linkable AuNPs and changing the surface decoration with photolabile diazirin, were able to change the SPR of the AuNPs to NIR regions for increasing the phototherapy performance in vitro and in vivo. This method increased the PTT activity and PA imaging of tumors in vivo. At the same time, Panikkanvalappil et al. [279] in the human oral squamous cell carcinoma-3 and human keratinocyte models, showed that by inducing the accumulation of spherical AuNPs to cluster forms in the nucleus of cells by using PEG, they can enhance the activity of PTT by transferring to NIR region. Recently, in a computational model and then in the model of breast cancer mice, Hu et al. [296] described that the major defect in light scattering in the NIR region is corrected in AuNPs through the growth of multibranched AuNPs with a core size of 25 nm and a tip number of 5 with height of 40 nm. In this method, Multibranched AuNPs have the highest light-to-heat conversion efficiency in the PTT process in the NIR zone.
TNF-α and cancer therapy.
Tumor necrosis factor-α is a toxic agent that can remarkably increase hyperthermic damage. Consequently, Visaria et al. [297] used a nanosystem contained PEG-AuNPs-TNF-α to enhance tumor destruction and reduce systemic exposure to the side effect of TNF-α. SCK mammary carcinomas of A/ J mice were injected with PEG-AuNPs-TNF-α at 42.5°C (Fig. 6A) . Tumor growth was decreased for both treated groups; however, the most considerable effect was reported in the combination system. Therefore, they concluded that thermally mediated tumor ablation was increased by pretreatment with decorated nanohybrid of TNF-α when administered by intravenous injection at the correct dosage and timing [297] . Similarly, Shao et al. [298] to intensify the cancer therapy activities in a mice cancerous model, with the development of AuNPs decorated with TNF-α, not only enhanced the cell death of cancerous cells by inducing TNF-α overexpression, but also through PTT and heat increase significantly reduced the activity of cancerous cells.
Photodynamic therapy.
AuNPs can be implemented in PDT because singlet oxygen can be produced by Au nanocrystals under laser irradiation directly and be employed as productive PDT agents in vivo. Accordingly, Cheng et al. [287] reported a nanocarrier containing PEG and AuNPs for the targeted hydrophobic drug delivery in PDT. The dynamics of in vitro and in vivo drug release proved the efficacy of the designed nanoconjugate. With the aim of this nanoconjugate, the drug delivery time required for PDT was decreased dramatically. In this line, Pang et al. [299] with covalently attachments of photoprecursor Pc 227 to AuNPs, in addition to increasing the ability to transfer the drug to the target tissue, allowed the release of drug only in the target tissue through PDT at 608 nm.
RFA.
RFA technique is known as a needle placement and is limited by the restricted precision of targeting. Therefore, Nikzad et al. [300] explored the impact of RFA with AuNPs, as a new route for renal cell carcinoma (RCC) therapy. Outcomes indicated that RFA with AuNPs can be potentially employed for RCC therapy as an alternative to nephrectomy. They concluded that more detailed in vivo investigations are required to reveal the efficiency of the reported route for medical implementations.
Dual contrast and therapeutic materials.
In this field, Day et al. [301] developed NIR resonant Au-Au sulfide NPs (AuAuS-NPs) as a dual nanoconjugate to simultaneously act as a contrast agent as well as a therapeutic nanodrug for cancer treatment. They showed that AuAuS-NPs in the presence of a pulsed NIR laser emit photoluminescence employed to visualize tumorous tissue in vitro. Upon conjugation with antibodies, AuAuS-NPs selectively accumulate in the vicinity of breast carcinoma cells. Afterward, cancer cells can be visualized and damaged (membrane leakage) by laser power of 1 mW and 50 mW, respectively (Fig. 6B) .
Gold nanorods
AuNRs are nanometer-sized Au particles with a rod-shaped morphology. These cylindrical NPs show uniform diameters ranging from 1 to 100 nm, with aspect ratios between 1 and 10. Owing to their welldocumented physical properties, AuNRs have many potential applications in different areas such as medical, biological, and biotechnological sciences [302] . In the field of nanomedicine, the typical sizes studied for AuNRs are the nanometer-sized diameter and micrometer-sized length [302] . 5.2.3.1. Computational therapy design. The crystalline structures of AuNRs can be changed following the polycrystals or single crystals, depending on the synthesis methods and conditions. Hence, Von Maltzahn et al. [302] described an integrated route to improve plasmonic therapy comprised of NPs as well as radiation. They fabricated PEG-AuNRs to develop a high rate of heat generation, high circulation half-life, and higher X-ray oscillation. In computationally mediated pilot therapeutic investigations, they showed that a single injection of PEG-AuNRs resulted in ablation of all irradiated human xenograft cancer cells in vivo (Fig. 7A) .
5.2.3.2.
Simultaneously control heat and deliver anticancer drugs. Zhang et al. [303] produced polymer encapsulated AuNRs-DOX nanocomposite to combine the photothermal features of AuNRs with the thermal and pH-susceptible characteristics of polymers. The polymer-encapsulated AuNRs-DOX nanocomposite accumulation in the tumor can be remarkably increased by irradiation; inducing a condition for their medicinal demands which entirely blocked cancer cell division. In this system irradiation can be controlled accurately and with flexibility, the nanocomposite can be employed as a versatile agent to control heat and additionally carry anticancer agents [303] . In the following, Larson et al. [304] suggested synergistic intensification of tumor ablation by a combination of heat shock protein targeted copolymer-drug nanoconjugates and AuNRs-triggered PPT. Whereas, Frazier et al. [305] discussed on the impacts of temperature and time by AuNRs-induced PTT on copolymer targeting in tumor cells. Likewise, Ali et al. [284] showed that targeting heat shock protein 70 by AuNRs increases cancer cell mortality in PTT. Also, Parida [306] demonstrated that AuNRs embedded micelle-mediated drug delivery combined with PTT can act as a potential system for targeted cancer therapy. Recently, in a cancerous cells model, Sharifi et al. [307] with the development of the acid-sensitive AuNRs platform containing DOX drug, were able to improve the activity of phototherapy chemotherapy in addition to increasing the targeting of breast cancer treatment activities based on drug release in the acidic condition. Analogously, Wu et al. [308] using AuNRs coverd with hexadecyltrimethylammonium bromide, polyacrylic acid, and PEGylated anisamide containing Epirubicin, performed successful chemophototherapy in human prostate cancer PC-3 cells.
5.2.3.3.
Photothermal, chemical therapy and photoacoustic effect. In this regard, Song et al. [309] indicated continuous drug release and an increased PTT and PA consequence of GO-loaded AuNRs-DOX nanoconjugate for tumor ablation. The loaded DOX showed a potent tumor accumulation and sequential release after NIR irradiation and intracellular acidic environment. Intravenous injection of nanohybrid in the presence of laser irradiation (0.25 W/cm 2 ) showed the tumor ablation due to the synergy between chemotherapy and PTT (Fig. 7B) . Paclitaxel is also known as a chemotherapy drug implemented to treat several kinds of cancers. However, due to its poorly-water soluble properties, it can induce some adverse effects. AuNR-albumin NPs were loaded with paclitaxel and employed as a potent candidate for synergic chemotherapeutic and PTT on 4 T1 breast cancer cells [310] . More recently, Manivasagan et al. [311] with the development of the AuNRs platform containing the DOX drug and folic acids (FA), and the photothermal agent (FA-COS-TGA-AuNRs-DOX), provided multiple activities of chemotherapy, PTT, and the PA imaging with high targeting and photostabiliy, fast drug release by NIR, high performance in the conversion of light to heat, and high efficiency in killing cancerous cells.
Dual-modality PDT and PTT of tumors.
Bimodal application of PDT and PTT treatment of cancer cells appears as a promising method for cancer treatment in clinical applications. AuNRs with a hematoporphyrin-loaded SiO 2 layer were applied for in vivo bimodality PDT and PTT of cancer cells [312] . Bioinspired-AuNRs were also applied for in vivo PTT/ PDT [313] . AuNRs carriers with increased ability to accumulate in the vicinity of tumor cells and fast clearance from the body were studied for tumor ablation [314] [309] . (C): PET and PA imaging mediated PTT of tumor tissue were applied after intravenous injection of the synthesized agents [314] . (D): Higher photothermal potential and antioxidant activity of PtAuNRs compared to bare AuNRs [316] . Reproduced under the terms of the Creative Commons Attribution License (CC BY).
( Fig. 7C ). AuNR-photosensitizer conjugates with extracellular pHmediated cancer cell targeting were showed to be an excellent candidate in PTT/PDT [315] . A functionalized AuNR-photosensitizer hybrid with a pH (low) insertion peptide (pHLIP) and a disulfide bond which induces extracellular pH (pHe)-mediated cancer cell targeting characteristic, was affluently designed for simultaneous PDT and PTT therapy. Therefore, chlorin e6 (Ce6), as a photosensitizer, was employed for PDT. AuNRs were implemented as hyperthermia material and additionally as a nanocarrier and quencher. The results showed that Ce6-pHLIPss-AuNRs, when exposed to acidic pH, can induce bimodal PTT/PDT therapy [315] . [316] demonstrated that titanium-coated AuNRs could be employed as an antioxidant to avoid oxidative stress to normal cells during PTT therapy. AuNR-mediated PPT has demonstrated intensive attraction for the selective destruction of tumor cells. Nevertheless, the hyperthermia induced by AuNRs during the PPT therapy produces an elevated level of reactive oxygen species (ROS) leading to adverse effects against normal and untreated tissues by causing irreversible damage to biomacromolecules, potentially inducing cellular toxicity or mutation. As well, Aioub et al. [316] fabricated Pt-coated AuNRs (PtAuNRs) with varying Pt layer diameters as a replacement for AuNRs frequently utilized for the tumor ablation. They showed that the PtAuNRs provide the potential results like classical AuNRs for cancer ablation while acting as an antioxidant generated during PPT therapy, by that preserving healthy tissues from ROS-induced stress (Fig. 7D) . The bimodal behavior PtAuNRs in the ablation of tumor cells and antioxidant activity was further investigated in vitro by cellular approaches [316] .
Gold nanocage
AuNC is defined as an advanced set of nanomaterials having hollow interiors and porous structure. These nanosystems are prepared using a simple reaction between solutions containing Au salt salts and Ag NPs in boiling water. AuNC as safe materials are considered as great candidates for imaging to monitor cancers at an early stage [317] . In this field, Xia et al. [318] by designing an enzyme-sensitive probe loaded on Au nanocage, were able to provide potential imaging activity from living cells with the lowest concentration level and enzyme activity. This multimode probe was able to treat cancer through PTT in addition to PA imaging and detecting cancer [318] . Likewise, Hajfathalian et al. [319] in a cellular model using Au Wulff-shaped seeds into Au-Ag core-shell nanostructures generated by the galvanic replacement reactions [320] , showed that in addition to improving the imaging capability of living cells, the NPs had no negative effect on the viabilities of J774A.1, Renca, and HepG2 cells at any of the concentrations tested.
Photothermal transducers.
In this field, Chen et al. [321] reported that AuNCs can act as potential candidates for tumor ablation. They employed PEGylated AuNC for PTT therapy in vivo. The compact AuNC showed strong electron vibration in the NIR region with a localized SPR peak. PEG modification induced the AuNC to selectively reach the outer surface of cancerous cells. The short-term outcome indicated that the AuNC is an ideal transducer for PTT therapy of cancerous cells.
5.2.4.2.
Targeted drug release. The development of safe and selective drug delivery that can be activated against multiple stimuli is still so challenging for cancer treatment. Thus, Wang et al. [322] fabricated multi-purpose guided nanohybrids by (HA)-dopamine hydrochloride (DA)-DOX loaded AuNCs for targeted drug release inside the cell. Generally, fabricated nanohybrids could selectively bind tumor cells via HA and could release the loaded DOX in lysosomes (Fig. 8A ). In addition, by considering the pronounced photothermal features, the AuNCs can control the release of loaded drug and cause a higher therapeutic index subsequent to NIR irradiation. In vitro studies have indicated that the loaded drug could only be selectively released inside the cells, which result in targeted cancer cell ablation and reduced adverse effects. Importantly, a complete ablation of tumor cell was seen by the combination of both chemotherapy and PTT, as opposed to the partial blockage of tumor growth when the two therapy methods are applied independently [322] .
Srivatsan et al. [323] showed PEG-AuNC-photosensitizer nanohybrid can enable dual image/controlled delivery of photosensitizer [3devinyl-3-(1′-hexyloxyethyl) pyropheophorbide (HPPH)] and remarkably enhance the potency of PDT in a murine model. The slow rate of the drug release led to the localization of the drug within the tumors and induced greater mortality than that of the free drug. Therefore, the hybrid revealed potential ablation of tumor cells, which is apparently comparable with what is observed when the free drug is used. Additionally, Chen et al. reported bioconjugated AuNCs with tailored optical features can be applied for selective PTT ablation of breast cancer cells [324] . While, Gao et al. [325] suggested that hypocrellinloaded AuNCs with high two-photon efficiency can be applied for in vitro bimodal PTT/PDT therapy. Another investigation indicated the safety of therapeutic dose of the AuNCs nanohybrids.
5.2.4.3.
Light-induced generation of free radicals. Tumor hypoxia greatly limits the medicinal potency of PDT, mostly since the production of ROS in PDT is achieved in the presence of a high level of oxygen. However, the generation of other toxic oxidant is oxygen independent. Wang et al. suggested a brand new therapeutic strategy for cancer therapy by the light-mediated production of oxidants [326] . Initiator loaded AuNCs as the free radical generator under NIR irradiation can produce alkyl radicals, with the possibility of enhancing the level of oxidative stress leading to DNA damages in cancer cells. It can also cause apoptotic cell death under different oxygen concentrations.
Gold nanoshells
Au nanoshells have demonstrated potential interest in medical fields. The seed-induced growth method by means of SiO 2 route is considered as the most used method for synthesizing Au nanoshells.
Sensitive
and non-invasive methods for cancer treatment. Formerly, Loo et al. [327] explored the incubation of human breast cancer cell line (SKBr3) with bioconjugated Au nanoshells-SiO 2 -AuNPs with a thin layer of Au followed by laser irradiation for bimodal imaging and therapy. Only the cells incubated with bioconjugated Au nanoshells-SiO 2 -AuNPs were destructed by the laser (Fig. 9A) . Moreover, O'Neal et al. [328] investigated the possibility of Au nanoshell-assisted PTT (NAPT) which exhibits strong absorption in the NIR region. Mice-bearing murine colon carcinoma cells were injected with PEG-Au nanoshell followed by laser irradiation for 3 min. All such treated mice showed a normal condition without any tumor after 90 days. This simple, sensitive, and non-invasive method can be considered as a potential candidate for selective photothermal tumor destruction [328] . Likewise, Hirsch et al. [329] studied the nanoshell-mediated NIR (820 nm, 35 W/cm 2 ) thermal therapy of human breast carcinoma cells under magnetic resonance guidance in vitro and in vivo.It was shown that cells received high dosages of NIR laser or nanoshells did not show mortality, suggesting that neither NIR nor nanoshell by itself is toxic. Bimodal application, nevertheless, induced localized cell ablation restricted to the incubated section. Similar outcomes were also observed in vivo (Fig. 9B) . Bimodal imaging and NIR radiation caused the pronounced irreversible thermal ablation restricted to the tumor area.
Synergistic chemotherapy and PTT.
Ma et al. [330] designed a cholesteryl succinylsilane (CSS) nanomicelles loaded with DOX, iron NPs, and Au nanoshells nanohybrid for potential MRI, light (808 nm)mediated drug delivery, and PTT therapy.The nanohybrid demonstrated potential drug-loading and potency, and an excellent reaction to magnetic fields. Amplification of T 2 -weighted MR imaging was detected for the nanohybrid. Photothermal-driven cytotoxicity in vitro revealed that the nanohybrid resulted in cell mortality through photothermal consequence only in the presence of irradiation. Cancer cells in the presence of nanohybrid, irradiation and magnetic fields demonstrated a remarkable enhancement in cell mortality which may suggest the bimodal impacts of the magnetic-field-mediated drug release and the PTT [330] . Besides, Liu et al. [331] suggested a multi-purposes smart nanodrug delivery system by Au nanoshell- [322] . (B): Controllable NIR plasmonic Au nanoshell capsules with varying dimension were prepared and employed with the features of both PTT and chemotherapy. The Au nanoshell capsules with moderate aspect ratio are potentially absorbed by melanoma cells and can infiltrate into tumor cells, leading to a highly successful destruction of malignant melanomas when employed along with irradiation and a single irradiation [332] . (C): Designed Au nanoshell-mediated medicinal oligonucleotide targeted delivery carrier, was fabricated to release its cargo selectively upon activating with a NIR laser [336] . Reproduced under the terms of the Creative Commons Attribution License (CC BY). coated betulinic acid liposomes (AuNS-BA-Lips) mediated by a glutathione for synergistic chemo-PTT. The AuNS-BA-Lips revealed narrow size distribution (149.4 ± 2.4 nm), potential photothermal conversion characteristic and dual chemo-PTT. In the presence of NIR irradiation, the AuNS-BA-Lips exhibited highly potent antitumor activity on tumor-bearing mice with an inhibition rate of 83.02%, thus showing a significant synergistic therapeutic outcome of chemotherapy and thermotherapy [331] . Whereas, Wang et al. [332] considered the aspect ratios of Au nanoshell capsules that can mediate the melanoma ablation by synergistic PTT and chemotherapy. They concluded that controllable NIR plasmonic Au nanoshell capsules (GNSCs) with moderate aspect ratio can potentially be penetrated into the melanoma cells and tumor tissues, leading to highly pronounced mortality of advanced malignant melanomas when applied along with irradiation and a single dose (Fig. 8B) . Also, Wang et al. [333] designed a system by loading resveratrol (Res) in chitosan (CTS)-modified liposomes, and coated by Au nanoshells (GNS@CTS@ Res-lips) for bimodal carriage of drug and chemo-PTT therapy. The fabricated GNS@CTS@Res-lips exhibited high photothermal efficiency for potential PTT therapy. In addition, the GNS@CTS@Res-lips showed the descent pH/photothermal-driven drug release. NIR laser irradiation could markedly increase the cellular uptake of drugs based on a drug delivery system. More considerably, relative to chemotherapy or PTT, the vehicle with NIR irradiation demonstrated a pronounced therapeutic impact in HeLa cells. Therefore, the Au nanoshells conjugates with a bimodal application can be used as an effective nanosystem for application in cancer therapy [333, 334] . Previously, Luo et al. [335] indicated that lung cancer (A549) cellular mortality was triggered by using recombinant human endostatin Au nanoshellinduced PTT therapy.
Gene delivery.
RNA interference (RNAi)-utilizing antisense nucleic acid oligonucleotides to downregulate the pathogenic gene expression and subsequent encoded protein-plays a pivotal role in analyzing the genetic function and can be applied as a potential candidate for molecular therapeutic. A crucial barrier in the application of gene silencing with RNAi technology is the systemic loading of medicinal oligonucleotides. In this regard, engineered Au nanoshell-mediated medicinal oligonucleotide delivery carrier was developed to release its drug selectively upon activating with radiation. A specified peptide epilayer covalently bound to the Au nanoshell surface was employed to determine siRNA molecules [336] ( Fig. 8C) . Also, Ding et al. [337] suggested the Rap2b double-stranded short-interfering RNA (siRNA) can significantly increase the in vitro and in vivo anticancer medicinal potencies of Adriamycin in an Au nanoshell-mediated drug/gene co-delivery carrier. In addition, they claimed that laser irradiation of the NPs might induce an additional thermal killing effect on cancer cells and further anticancer efficacy of Adriamycin [337] . More recently, Morgan et al. [338] revealed that Au nanoshell provide potential loading and transfer of siRNA into HeLa cells more efficient that Au nanocages. 5.2.5.4. Gold nanoshell loaded macrophage. Targeted delivery of NPs holds a significant problem, mainly in the CNS where the blood-brain barrier blocks the internalization of most medicinal drugs. In this regards, the utilization of macrophages as carriers for the targeted delivery of Au nanoshells to permeating glioma will lead to the development of new drugs and therapeutic approaches [339] . Au-SiO 2 nanoshells were easily phagocytosed by macrophages, and the outcomes have exhibited the migratory prospective of Au nanoshellloaded macrophages in glioma spheroids (Fig. 10 ). In particular, after NIR irradiation of spheroids having Au nanoshell-loaded macrophages, produced heat was strong enough to induce spheroid ablation. Trinidad et al. [340] developed a combined concurrent photodynamic (λ = 670 nm) and Au nanoshell loaded macrophage-mediated PTT (14 or 28 W/cm 2 , λ = 810 nm) therapies for the treatment of head and neck squamous cell carcinoma (HNSCC). Collectively, these data hold a great promise of macrophages utilization as nanoshell delivery platform for PTT of cancerous cells.
Impending clinical impact of AuNPs
Much of the ongoing anticipation all round nanoscience is straightly associated with the potential of modern nanotechnology implementations in cancer diagnostics and therapy. SPR features of AuNPs are controlled by physicochemical parameters of NPs such as shape and size, NPs can be utilized to design and develop new and distinguished tools for innovative light-based applications.
AuNPs with different shapes have potentials for the development of PTT and PDT therapy of tumor tissue as well as diagnosis [341] [342] [343] . By engineering NP morphology, scientists can optimize the SPR features of NPs to any wavelength of concern. Blood and tissue do not absorb light in the NIR region [344] . When AuNPs resonances are tuned to NIR region, these NPs can be utilized as potential contrast candidates in the diagnostic imaging of cancerous cells. When irradiated, photothermally triggering cell death and tumor ablation can be achieved by AuNPs as a source of thermal induction. AuNP-mediated diagnostics and therapeutics may be employed from basic research to medicinal applications; this review investigated the potential attainment of this outlook in the context of the trial of complex diseases like cancer. Indeed, AuNPs exhibit a decent model of a highly propitious demand of nanochemistry to biomedical challenges.
We outlined the characteristics of AuNPs that are associated with their physicochemical features and their applications in cancer diagnostics and therapy. Distinctive surface modification can play a pivotal role in the passive internalization of AuNPs into tumors and for targeted drug delivery by bioconjugate approaches. We also reviewed that PTT can be performed for the photothermal destruction of tumor cells by the aid of AuNPs. AuNP-based PTT in several in vivo and human models have exhibited highly promising trends, and it can be concluded that NP concentration, thermal response, and tumor location can be considered as critical factors for the NP-induced thermal ablation of tumor cells [345, 346] . Finally, we can go beyond this review and discuss the next questions as AuNPs-based cancer diagnosis and therapy in clinical trials [347, 348] .
Future applications of gold NPs
AuNPs are flexible elements for a wide range of implementations which can be achieved only by interdisciplinary studies, jointly driven by the scientists from chemistry, biology, and medicine. For instance, plasmonic NPs exhibit high refractive index sensitivities, which is Fig. 10 . Basic abstraction of nanoshell-mediated PPT using macrophages as nanoshell delivery carriers. Reproduced under the terms of the Creative Commons Attribution License (CC BY) from Ref. [339] . useful in developing powerful sensing devices. One-dimensional plasmonic NP arrays have intriguing optical properties that can be utilized in a number of applications [40] . It has been shown that well-engineered chains of plasmonic NPs can provide a significant increase in sensitivity relative to the conventional plasmonic sensors consisting of isolated or randomly placed NPs. Hooshmand et al. [55] found that an increase in the sensitivity factor was observed when the number of nanocubes and their orientation were controlled in the chain. In comparison to the face-to-face (FF) orientation, the changes in optical properties were more prominent in the edge-to-edge (EE) configuration. These results suggested that plasmonic coupling in linearly assembled NPs becomes extremely important at sub-nm distances [45] .
In analytical chemistry, AuNPs play two main roles -as target analytes in the realm of the analysis of the nanoworld and as analytical tools to improve physicochemical processes, such as the use of AuNPs as components of electrodes, in spectroscopic techniques and chemical sensors (sensors based on colorimetric sensing, on fluorescence-related phenomena, electrical and electrochemical sensing) [307] . Furthermore, AuNPs show several potential characteristics for application in electrochemistry including electroanalysis, their employment as probes in electrochemical sensors, and their deposition on the surface and in the bulk material of electrodes for electrochemical applications. One of the most propitious areas of AuNPs implementation is physical chemistry including spectroscopic techniques, e.g. spectrophotometric methods of determination, colorimetric detection, imaging, fluorescence-based methodologies, phosphorescence processes, chemiluminiscence reactions [40] . Another development is that AuNPs are being investigated extensively for application in high technology devises such as sensory probes for detection of heavy metal cations, small organic compounds, nucleic acids, proteins, as electronic conductors, organic photovoltaics, and nanowires [56] .
AuNPs are ideal candidates for catalysis in several chemical reactions because their physicochemical properties can be tuned by adjusting their structural dimensions and especially supported systems are already proven catalysts. The future of Au catalysis should grow further for a range of catalytic applications not yet explored to result in a better understanding of the fundamental underlying phenomena that give rise to the exceptional catalytic activity of Au [349] . The ability to prepare robust AuNPs and multimetallic alloys with homogeneous and controlled morphologies and properties has already demonstrated to be fundamental for the advance of catalysis. In the future, it is expected that thermal and photocatalysis will continue to thrive. In photocatalysis, the direct plasmon absorption-light excitation relationship and its tuneability offer a myriad of options for new exciting catalysis [45] . Specifically, a plethora of anisotropic shapes and the development of their synthetic procedures should enable the rapid expansion of studies showing morphologies sensitive to specific light wavelengths, also closely related to sensing, such as SERRS. Moreover, the addition of a second metal was already shown to enhance the light response and can further expand the selection of catalysts. This opens the possibilities for Au, along with its resistance to oxidation, as perfect systems for many types of reactions, such as oxidation, and reduction/hydrogenation.
AuNPs have gained potential interest in biomedical implementations due to the presence of unique physicochemical features, ease of fabrication and surface modification in the nanoscale range, biocompatibility, and several other advantages. For example, AuNPs can be conjugated with specific antibodies or functional groups to develop platforms to simultaneously control heat and deliver anticancer drug for the targeted destruction of cancerous tissue, synergistic chemotherapy and PTT and dual contrast and therapeutic system [40] . Although, Au is biologically inert and thus does not exhibit substantial adverse effects; the moderately low rate of clearance from the body can result in some serious health adverse effects [3] . Therefore, targeted AuNPs delivering to cancerous cells must be addressed before AuNPs find their implementation for the ordinary biomedical application.
Opportunities and challenges
Au materials manufactured at the nanoscale level have unique and beneficial properties for the medical sector in the area of implants, tissue engineering, organs, detection, biosensors, immunoanalysis, diagnosis, PTT of cancer cells, − specific drug delivery, optical bioimaging or monitoring of cells and tissues. Therefore it may be concluded that AuNPs could be applied in almost all medical systems: diagnostics, therapy, prevention, and hygiene. We believe that the next decade will witness the commencement of additional clinical trials of recently designed AuNPs, the expansion into employment beyond cancer, and the assay of multimodal approaches.
However, there are a number of crucial opportunities and challenges that should be addressed as AuNPs continue to be developed as standalone nanomaterials and as a component of a multifunctional platform for a number of applications. For example, detailed studies should be done to realize how adjusting nanomaterial conditions such as size, shape, moieties, and conjugated bodies influence the underlying impacts in the AuNPs-based system, including the mechanism of detection, catalyst, diagnosis and cell death. Also, there are some adverse effects that should be examined before the NPs formulation can be successfully translated into chemical and biological applications. This includes the reproducibility [350] , reliability [351] , scalability [352] , safety [353] [354] [355] [356] [357] , biodegradability [358] , and biocompatibility [358] in manufacturing NP-based sensing/medical tools.
Conclusions
AuNPs show exclusive colloidal stability and can be fabricated in several routes for the controlling of their dimension and morphology. AuNP-mediated applications have been thoroughly investigated as standalone analytical tools for their specific utilizations such as detection, catalyst, diagnosis, and therapy. AuNPs are ideal candidates for colorimetric detection, catalysis, imaging, and photothermal transducers, because their physicochemical properties can be tuned by adjusting their structural dimensions. Furthermore, AuNPs show several potential characteristics for utilization in multimodal applications including simple Au-functionalization, bioconjugation, efficient activity and target accumulation. In general, it is critical to reveal the mechanism of activity and therapeutic of NPs to optimally design and develop multimodal NP-based sensing and diagnostic tools.
